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ABSTRACT 
 
 
 
One of the unresolved technical issues associated with the high temperature gas-cooled 
reactor (HTGR) is the production of carbonaceous dust (e.g. by abrasion, corrosion, 
radiation damage, gas-to-particle conversion) and the subsequent transport of sorbed 
fission products via aerosol transport. Diffusion charging and/or self-charging of these 
aerosols is likely to occur which will affect how the aerosol evolves in time and 
ultimately deposits on surfaces. At present, nuclear reactor safety codes, such as 
MELCOR, do not account for these electrostatic effects and there is currently no 
consensus on their importance. Further experimentation and modeling of these effects are 
therefore important and ongoing to resolve these issues. The purpose of this research is to 
experimentally investigate the coagulation of charged aerosols closely associated with 
HTGRs by measuring the evolution of size and charge distributions over time and to 
compare the experimental results with available numerical models. Measurements have 
been completed for both silver and carbon ultrafine aerosols using a tandem differential 
mobility analyzer and an open flow coagulation chamber with a residence time of nearly 
400 seconds. Results for both aerosols indicate that coagulation occurs faster than 
predicted by the model, at times differing by an order of magnitude. Overall, the 
apparatus developed here will support future coagulation studies of charged ultrafine 
aerosols at the Nuclear Science and Engineering Institute by providing data for validation 
of computer codes and guiding model development. 
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Chapter 1 
INTRODUCTION 
1.1 Background 
One of the unresolved technical issues associated with the high temperature gas-cooled 
reactor (HTGR) is the production of carbonaceous dust (e.g. by abrasion, corrosion, 
radiation damage, gas-to-particle conversion) and the subsequent transport of sorbed 
fission products via aerosol transport. Diffusion charging and/or self-charging of these 
aerosols is also likely to occur which will affect how the aerosol evolves in time and 
ultimately deposits on surfaces. Diffusion charging of aerosols occurs by attachment of 
gas-phase ions generated within the intense radiation field of the reactor environment. 
Since negative ions are more likely to have higher mobilities, the aerosol particles may 
assume a net negative charge. Conversely, self-charging of radioactive aerosols leads to a 
net positive charge either by the emission of beta electrons or the emission of secondary 
electrons caused by ionization during alpha decay. The charge state of the aerosol is then 
dependent on the balance between the rate of self-charging and the rate of neutralization 
by gas-phase ions (Gensdarmes et al. 2001). The asymmetric charging of aerosol 
particles, in general, can lead to electrostatic dispersion which slows down coagulation, 
inhibiting particle growth and retarding the deposition of particles by both gravitational 
settling and inertial impaction on structures. However, it has also been shown 
theoretically that radioactive aerosols can either enhance or reduce coagulation rates 
depending on the type of radioactive decay (i.e. α, β), the relative sizes of the interacting 
aerosols, and the concentration and mobility of positive and negative background ions 
2 
 
(Clement et al. 1995). Furthermore, as charged particles deposit on surfaces, charge 
build-up and mirror image charge effects can prevent further deposition of charged 
particles (Morris 2008). Presently, nuclear reactor safety codes, such as MELCOR, do not 
account for these electrostatic effects and there is currently no consensus on their 
importance (Humrickhouse 2011). Further experimentation and modeling of these effects 
are therefore important and ongoing to resolve these issues. 
Brownian coagulation has been investigated extensively to examine the 
applicability of the Smoluchowski coagulation model and its extension to more complex 
situations (Davies 1979; Shaw 1978). More generally, theoretical modeling and 
numerical simulations of the general dynamic equation to describe aerosol coagulation 
has also been carried out to determine the change in the particle distribution function and 
its dependence on various parameters such as polydispersity, charge, and particle shape 
(Friedlander 2000; Hidy and Brock 1970; Williams and Loyalka 1991). However, with 
numerical simulations of increasing model complexity, there is a deficiency in 
experimental data to validate the results (Palsmeier and Loyalka 2013). 
With respect to electrostatic charge effects on aerosol coagulation, a number of 
experimental studies have been carried out as summarized in Table 1. Kennedy (1916) 
studied aerosol sampled from a Bunsen flame and used a “gasometer” (elastomeric 
chamber) to store and age the aerosol. The total number concentration was then measured 
over time with an Aitken counter and the effect of charge was investigated by using an 
electrostatic precipitator to remove charged particles. A noticeable difference between 
charged and uncharged particles was not observed and both were in fair agreement with 
the Smoluchowski equation during the initial stages of the measurements. After large 
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times the coagulation coefficient seemed to increase, likely due to particle loss to surfaces 
which was not accounted for. Gillespie and Langstroth (1952) investigated the effects of 
particle charge on aerosol coagulation using silica powder inside an enclosed chamber 
and a charging grid to alter the charge on the aerosol. Number concentration was 
measured at different times by sampling a known volume from the chamber, collecting 
particles on a glass slide using a thermal precipitator, and counting the particles under a 
microscope. It was found that altering the charge on the aerosol appreciably changed both 
coagulation rates and diffusion losses. Rosinski et al. (1962) compared the coagulation 
rate of non-radioactive and radioactive aerosols generated using an exploding wire 
technique. Particles were collected from a chamber using a String-Ficklen oscillating 
thermal precipitator for examination using dark-field and electron microscopy. Non-
radioactive aerosols were found to have higher coagulation rates than slightly radioactive 
aerosols, however with increased radioactivity the coagulation was greatly increased 
during early stages. Devir ((Wienstock) (1967)) sampled monodisperse dioctyl phthalate 
(DOP) from a closed chamber and used a Millikan cell with a camera to determine charge 
distributions by measuring particle trajectories. The charged aerosol was found to have 
1e-3e charges per particle and it was concluded that small electric charges have a 
negligible effect on the coagulation rate. Xiang and Colbeck (1993) conducted 
coagulation experiments on charged, monodisperse aerosol in an enclosed chamber using 
a differential mobility analyzer (DMA) to measure particle charge and a condensation 
nucleus counter to measure particle concentration. Compared to uncharged particles, 
unipolar particles were found to have suppressed coagulation rates and symmetrical, 
bipolar particles were found to have higher coagulation rates. Katzer et al. (2001) 
4 
 
performed a series of experiments with monodisperse aerosol (TiO
2
) in a flowing 
coagulation tube in which the particle concentration and particle charge were followed 
over time using a scanning mobility particle sizer (SMPS). They found that the 
experimental results were in good agreement with theory when both particle charge and 
aggregate size were accounted for. They also determined that the effect of charge on the 
collision frequency is much larger than the effect of aggregate size. Maisels et al. (2002) 
used a mixture of monomobile (equivalent electrical mobility as selected by DMA), 
oppositely charged PbS and Ag aerosol and measured the change in the neutrally charged 
fraction for different aggregation tube lengths (i.e. residence times) using a condensation 
particle counter (CPC). The measurements were found to be in agreement with Fuchs’ 
theory (Fuchs 1964). Coagulation of polydisperse, bipolarly charged aerosols were also 
measured and found to be in good agreement with uncharged particle theory after a 
dimensionless representation was used. Subramanian et al. (2008) conducted coagulation 
experiments using sodium aerosol within a closed chamber and examined the effects of a 
surrounding gamma field on the coagulation rate. The authors found that the gamma field 
increased the coagulation coefficient by nearly one order of magnitude, indicating that 
the bipolar charging due to the radiation field enhances Brownian coagulation. The 
studies mentioned above are all limited in their ability to specifically monitor the 
evolution of both size and charge distributions of the aerosol particles under 
investigation. This is an important aspect for validation of numerical models involving 
charged polydisperse aerosols. 
Recently, a new method for measuring the size and charge distribution 
simultaneously has been reported using a tandem differential mobility analyzer (TDMA) 
5 
 
(Chadha et al. 2012; Kim et al. 2005; Maricq 2005; Simones et al. 2011; Simones et al. 
Submitted). The first DMA is operated without a charge neutralizer so that particles are 
classified by electrical mobility. These particles are then charge neutralized and classified 
again by size using the second DMA. The size and charge distribution is then recovered 
through a data inversion process. This experimental technique is tailored specifically for 
nanosized particles where optical techniques of size measurement are not applicable. 
Maricq has applied this technique to investigate the electrical characteristics and 
coagulation of soot sampled from premixed flames and has found that the measurements 
agree with theoretical models accounting for multiply charged polydisperse particles 
(Maricq 2005; 2006).  
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1.2 Objectives 
The purpose of this research is to experimentally investigate the coagulation of charged 
aerosols closely associated with HTGRs by measuring the evolution of size and charge 
distributions over time and to compare the experimental results with available numerical 
codes. To accomplish these goals the following tasks will be completed: 
1. Set up TDMA using TSI 3080 Electrostatic Classifier and TSI 3936 Scanning 
Mobility Particle Sizer® (TSI 3080 Electrostatic Classifier + TSI 3775 
Condensation Particle Counter) 
2. Automate operation and data collection of TDMA using LabVIEW® 
3. Design a coagulation chamber which allows the evolution of a test aerosol to be 
measured while meeting the restrictions of the TDMA measurement system 
4. Perform coagulation measurements on spark generated test aerosols including 
carbon and silver 
5. Perform data inversion to obtain aerosol size and charge distributions 
6. Compare experimental results with available numerical models, examine 
differences, and suggest model improvements as necessary  
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Chapter 2 
APPARATUS 
2.1 Aerosol Instrumentation 
In this study, two principle instruments were used to quantitatively measure the size and 
charge distribution of aerosol particles, namely the SMPS and the TDMA. Together the 
SMPS and TDMA provide aerosol size distributions as a function of particle electrical 
mobility, which then require further analysis to determine the charge distribution. 
Fundamental to both the SMPS and TDMA is the DMA which is the device used to sort 
or “classify” particles by electrical mobility. In the following sections the operating 
principle of the DMA, SMPS, and TDMA will be reviewed in addition to descriptions of 
the specific SMPS and TDMA instruments used in this study. 
2.1.1 Differential Mobility Analyzer (DMA)  
Differential mobility analyzers, sometimes referred to as differential mobility classifiers, 
are typically used to either produce a source of monodisperse aerosol or in obtaining 
aerosol size distributions. Both cylindrical and radial DMA configurations are in common 
use, however in this study only the cylindrical DMA was used and so discussion of the 
radial DMA will be omitted. As shown in Figure 1, the cylindrical DMA consists of an 
annular flow region formed by two coaxial cylindrical electrodes. Polydisperse aerosol, 
Qa, enters at the top of the DMA through a narrow slit of width ∆za along the periphery of 
the annulus adjacent to the outer electrode and is separated from the inner electrode (i.e. 
collector rod) by a particle-free sheath flow, Qsh. Both streams flow laminarly downward 
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without mixing and exit at the bottom of the DMA either as the main excess flow, Qe, or 
through the monodisperse aerosol outlet of width ∆zs on the collector rod, Qs. With the 
outer electrode grounded, a variable voltage (±0–10 kV) is applied to the inner electrode 
forming a radial electric field in the annular region. Charged particles which enter with 
the polydisperse flow will migrate radially within the electric field as they are carried at 
gas velocity in the axial direction. Particles of the appropriate polarity will migrate 
toward the collector rod and traverse the sheath flow, either partially or completely, with 
each particle having a unique trajectory within the DMA depending on its particular 
electrical mobility, Zp, given by (Flagan 2001) 
 
 
p
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3
  (1) 
where en  is the number of elementary units of charge carried by the particle, e is the 
elementary unit of charge, μ is the dynamic gas viscosity, dp is the particle diameter, and 
Cc(Kn) is the Cunningham slip correction factor as a function of Knudsen number (Baron 
and Willeke 2001) 
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For a given combination of flow rates and applied voltage, particles within a narrow 
range of the characteristic electrical mobility, Z*p ± ∆Zp, will fall within the sampling 
window forming a monodisperse aerosol. Particles with higher electrical mobility will be 
deposited on the collector rod and particles with lower electrical mobility will exit the 
DMA with the excess flow. The characteristic electrical mobility for the cylindrical DMA 
is given by (Flagan 2001) 
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where V is voltage on the collector rod, L is the length between the polydisperse inlet and 
the sampling window, and R1 and R2 are the inner and outer radii of the annular space, 
respectively. The mobility range can be expressed as, neglecting particle diffusion, 
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however not all particles within this range have equal probability of passage through the 
DMA. The probability that a particle entering the DMA with the polydisperse aerosol 
flow will exit with the monodisperse flow is given by the transfer function Ω(Zp, Z
*
p), 
which for non-diffusing particles can be expressed as, in non-dimensional form 
(Stolzenburg and McMurry 2008), 
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In general diffusion effects are not negligible, especially for particles in the ultrafine 
range (dp < 100 nm) as used in this study. Stolzenburg and McMurry (2008) present 
results for a diffusing transfer function assuming a Gaussian spreading profile expressed 
as, in non-dimensional form, 
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where        2exp xxerfxx   and σ is the standard deviation of the diffusing 
profile given by 
 DGDMA
~
  (8)  
where  she QQLD  D4
~
 with   pcB dKnTCk 3D , and GDMA is a non-dimensional 
geometry factor defined as (Stolzenburg 1988) 
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where  221 RR ,  21222 RRLR  , Lzaa  , Lzss  , and 
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The values ωa and ωs are defined as 
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The shape of the non-diffusing transfer function is triangular with a mean electrical 
mobility corresponding to 
*
pZ , a half-width of pZ , and is piecewise continuous. The 
diffusing transfer function is a continuous function whose mean is skewed toward larger 
electrical mobilities. Figure 2 below illustrates the importance of the diffusing transfer 
function at small particle diameters and the convergence of the diffusing transfer function 
toward the ideal triangular transfer function at large particle diameters where diffusion 
effects at small. 
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Figure 1. Schematic diagram of a typical cylindrical DMA showing trajectory of a 
charged particle with the characteristic electrical mobility, Z*p.  
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Figure 2. Comparison of non-diffusing (Ωnd) and diffusing (Ωd) transfer functions as a 
function of dimensionless electrical mobility, pZ
~
, for a particle diameter of (a) 5 nm and 
(b) 100 nm. 
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2.1.2 Scanning Mobility Particle Sizer (SMPS) 
The scanning mobility particle sizer (SMPS) is an instrument in common use today to 
obtain, quantitatively, the size distribution of submicron aerosol particles. The SMPS 
used in this study was the TSI 3936 Scanning Mobility Particle Sizer Spectrometer 
comprised of a radioactive charge neutralizer (TSI 3077A Aerosol Neutralizer), inertial 
impactor, DMA with support equipment for providing sheath flows and high voltage 
(TSI 3080 Electrostatic Classifier), and a condensation particle counter (TSI 3775 
Condensation Particle Counter). During operation the sampled aerosol is first passed 
through a radioactive charge neutralizer before it is introduced into the DMA. Ionizing 
radiation from a sealed 85Kr source attached to the inside the neutralizer cavity wall 
produces a high concentration of bipolar ions within the aerosol carrier gas. These ions 
undergo multiple collisions with the aerosol particles as they flow through the cavity. 
Through these collisions the aerosol particles will approach charge equilibrium, which 
has a very specific and well known charge distribution (Flagan 2001). Placing a known 
charge on the particles allows the particle size to be determined from electrical mobility 
measurements, which are otherwise dependent on both particle size and charge. After 
passing through the charge neutralizer, the aerosol is then introduced into the DMA and 
the voltage is scanned exponentially over time. During this time the classified aerosol, 
whose electrical mobility is a function of time, is supplied to the CPC which measures the 
particle concentration of the classified aerosol flow during the measurement interval. The 
aerosol size distribution, n(dp), is then determined, indirectly, through inversion of the set 
of Fredholm integrals (Wang and Flagan 1990) 
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where Sj is the CPC signal for the jth time interval,  epcount nds ,  is the detector response 
to a particle of size dp and charge en ,  ep nd ,  is the probability for a particle size dp 
acquiring en  charges (i.e. equilibrium charge distribution), tm is the measurement time, 
and tc is the counting or integration time. Inversion of Eq. 14 is quite involved and will 
not be covered here. For the purposes of this research, the inversion was handled within 
the TSI Aerosol Instrument Manager® (AIM) software supplied with the SMPS 
instrument, which provides the size distribution in real time and is in common use within 
industry. Because of the finite counting intervals during measurement, the SMPS results 
are presented in terms of a histogram with geometrically spaced bins, typically at a 
resolution of 64 bins/decade. To overcome difficulties in comparing measurements (dN) 
acquired at different resolutions, the measurements are also normalized with respect to 
the bin width (dN/dLogdp). The SMPS has a voltage range of 5–10,000 V, with the upper 
limit constrained by the electrical breakdown of the carrier gas. The resulting 
measureable size range is then dependent on the given combination of DMA geometry 
and flow rates. The AIM software also includes options for correcting the data for 
diffusion losses and multiply charged particles. In the latter case an impactor is used to 
define an upper cutoff diameter, within the measureable size range, so that multiple 
charge contributions can be subtracted from smaller diameters. Variations in temperature 
and pressure which effect fluid properties are also accounted for by the AIM software by 
interconnecting the CPC and DMA-2 using an RS-232 cable. The accuracy of the SMPS 
was confirmed by measuring monodisperse aerosols of known size and is described in 
Appendix A. 
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2.1.3 Tandem Differential Mobility Analyzer (TDMA) 
The TDMA is commonly used to measure the dependence of various aerosol processes 
(ex. condensation/evaporation rates, chemical reactions, etc.) on particle properties such 
as particle size and composition (see Park et al. (2008) for a review of TDMA 
measurements and applications). Additionally, the TDMA has also been shown to 
provide quantitative measurement of the aerosol size and charge distribution (Chadha et 
al. 2012; Kim et al. 2005; Maricq 2005; Simones et al. 2011; Simones et al. Submitted). 
When configured to measure size and charge distributions, the TDMA consists of two 
DMAs connected in series with a CPC. During operation the sampled aerosol is 
introduced into the first DMA (DMA-1) without prior charge neutralization and is 
therefore classified strictly by electrical mobility. With a constant voltage applied to 
DMA-1 the classified monomobile particles are then charge neutralized before entering 
the second DMA (DMA-2) where the voltage is scanned and classified particles are 
counted using the CPC to obtain the particle size distribution. By repeatedly stepping the 
voltage on DMA-1 and measuring the resulting size distribution, a size-mobility 
distribution is obtained. In this study a TSI 3080 Electrostatic Classifier was used for 
DMA-1 and a TSI 3936 Scanning Mobility Particle Sizer Spectrometer (TSI 3080 
Electrostatic Classifier + TSI 3775 Condensation Particle Counter) was used for DMA-2 
and the CPC. A LabVIEW® program was also created to automate and expedite the 
voltage stepping process via communication with DMA-1 through an RS-232 serial port 
and voltage measurement on DMA-2. Details on the LabVIEW® program and instrument 
interfacing can be found in Appendix B. 
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To determine the size and charge distribution from the size-mobility distribution 
the data must be inverted through a Fredholm integral much like the SMPS 
measurements (Gysel et al. 2009; Rader and McMurry 1986; Stolzenburg and McMurry 
2008), however in this work we took advantage of the SMPS inversion algorithm to 
simplify the TDMA inversion process. Using the SMPS results for the size distribution 
downstream of DMA-1,  pdn1 ,  the inversion process is reduced to determining the 
original distribution function supplied to DMA-1,  ep ndn ,0 , as depicted in Figure 3. 
These distribution functions are related by writing a particle balance for the rate of which 
particles of size dp enter and exit DMA-1 
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Since the SMPS provides data for individual size bins, Eqn. 15 is discretized for each size 
bin of the SMPS, dp,i, 
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where I is the total number of size bins and Eqn. 16 is repeated over all J mobility 
settings on DMA-1. To isolate the dependence of particle size we consider the set of all 
mobility measurements, J, for a single size bin, i,  
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Eqn. 17 can then be written in matrix form 
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and n0 (dp,i , ne) can then be determined using the method of least squares. Here a 
weighted least squares solution is introduced to account for unequal counting errors 
(Strang 1980) 
  WAxWb   (19) 
where, for uncorrelated errors, 
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and the weights, wj, are given by the count data of the SMPS: wj = bj . Uncertainty in the 
values for  keip ndn ,,0 ,  can then be estimated using (Wolberg 2006) 
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where Si is the objective function defined as 
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and the terms Cjk are defined as 
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Accuracy of this TDMA inversion method was confirmed by performing size and charge 
distribution measurements on a charged neutralized aerosol and comparing the results 
against theoretical equilibrium charge distributions (see Appendix C for details). 
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2.2 Aerosol Generation 
During this study aerosols were generated using a spark generator, namely a PALAS 
Defined Nano Particle Generator model DNP-3000 for carbon aerosol and the model 
GFG-1000 for silver aerosol. Particles are produced through a capacitive discharge 
process between two electrodes positioned within an isolated gas chamber. A high 
potential is applied across the electrode gap causing electrical breakdown of the present 
gas and a momentary flow of electrical current. The resulting spark creates an isolated 
high temperature region on each electrode, ablating the electrode surface. An inert carrier 
gas (N2) is directed into the electrode gap which rapidly condenses any vapor present to 
form nanosized primary particles, and clears the electrode gap of ions and ablated 
material for the next discharge cycle. As the primary particles exit the gas chamber they 
continue to collide with other particles as well as ions forming charged agglomerates, and 
the resulting test aerosol. Adjustment of operating parameters such as spark frequency, 
spark energy, current, and gas flow rate allow the user to manipulate the quantity of 
ablated material and the rate of particle production which control the output particle 
distribution (i.e. mean particle size, standard deviation, total concentration, etc.). Previous 
analysis using transmission electron microscopy (TEM), has shown that carbon 
nanoparticles produced with the spark generator form complex chain agglomerates 
(Figure 4a), while silver nanoparticles produced with the spark generator form single 
particles that are nearly spherical in shape (Figure 4b) (Boddu et al. 2011; Simones et al. 
2011). 
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Figure 2. TEM images of spark generated (a) graphite (100 nm scale) and (b) silver 
(50 nm scale). Courtesy of Dr. Veera Rajesh Gutti, NSEI. 
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2.3 Coagulation Chamber 
In pursuing measurements of aerosol coagulation using the TDMA, an open flow 
coagulation chamber, in contrast to a closed chamber, is necessary because a single 
TDMA measurement could take several hours, during which a steady aerosol sample 
must be supplied. A closed coagulation chamber would not be able to provide a constant 
source over this length of time without considerable changes in the size and charge 
distribution, not to mention the change in volume required for the amount of sample 
withdrawn during measurement. The open flow system, shown in Figure 5, consists of a 
cylindrical tube in which aerosol is continuously flowing and allows a constant source of 
aerosol to be sampled as a function of axial distance along the tube length (i.e. residence 
time). An important aspect of the open flow design is that the concentration boundary 
layer develops slowly, over multiple chamber lengths, which provides a centerline 
aerosol concentration that is independent of wall effects (Friedlander 2000). The main 
design parameters for the open flow chamber include flow rate, tube diameter, tube 
length, and particle size range. These parameters determine all other design criteria 
including Reynolds number for laminar flow conditions and development of the 
hydrodynamic boundary layer (entrance length), Péclet number for diffusion losses and 
development of the concentration boundary layer, particle residence time within chamber, 
gas velocity profile, and sampling probe inlet diameter for sampling conditions and 
aspiration efficiency. Since many of the above design criteria are interdependent, a 
parametric analysis was performed to aid in the selection of appropriate design 
parameters. First, an estimate of the time scale required for measurable coagulation was 
determined using the analytical results for simple monodisperse coagulation (Fuchs 1964) 
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where N(t) is the aerosol concentration as a function of time t, N0 is the initial 
concentration, K0 is the limiting coagulation coefficient for coarse particles (dp > 100nm) 
defined as 
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and β is a correction factor for ultrafine particles. Since all particle sampling will occur at 
the chamber centerline, the coagulation time indicated by Eqn. 24 was used as the target 
value for centerline particle residence time, tres. The centerline residence time was used in 
selection of the chamber length, Lc, and diameter, D, based on the laminar flow criterion 
(ReD < 2100) and a selection of volumetric flow rate within the operating range of the 
spark generator. For laminar flow the fluid velocity at the chamber centerline is given by 
the Hagan-Poiseuille equation (Bird et al. 2007) 
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Additionally, the hydrodynamic entry length was estimated by (Incropera et al. 2007) 
 Dh ReDL 05.0  (27) 
and was added to Lc to determine the overall tube length required. The diffusive entry 
length given by (Incropera et al. 2007) 
 ScReDDPeL DD 05.005.0 D  (28) 
was also used as a check to ensure that the concentration boundary layer remained small 
relative to the hydrodynamic boundary layer over the length of the test section. The 
chamber tube diameter was selected from standard pipe sizes with consideration to wall 
thickness to accommodate sampling ports and fittings. 
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As mentioned earlier, aerosol sampling will be conducted along the length of the 
coagulation chamber centerline. A series of sampling ports have been designed into the 
length of the coagulation chamber such that the sampling probe can be moved 
sequentially from the upstream to downstream side. Sampling ports not in use, especially 
those upstream of the sampling probe, need to be closed appropriately to avoid flow 
disturbances which will effect coagulation. With this in mind a port cover or ‘cap’ has 
been designed which is able to seal the sampling port while maintaining a smooth, 
continuous profile on the inside of the chamber. A sampling probe cap has also been 
designed to replace the port cap during sampling and allows the sampling probe to be 
adjusted vertically for alignment with the chamber centerline. These caps have been 
constructed of ABS thermoplastic using the rapid prototyping resources available at the 
University of Missouri College of Engineering (see Appendix D for a description of the 
port cap and sampling probe cap). The sampling ports were spaced along the length of the 
chamber in a geometric series since the rate of change of the number concentration is 
expected to behave similarly to the power-law decay given in Eqn. 24. A sharp-edged 
sampling probe was used which contains a 90 degree bend so that it is aligned parallel to 
the gas flow for isoaxial sampling. The probe inlet extends upstream from the port 
location to minimize flow disturbances from the probe assembly. The sampling probe 
diameter and flow rate were selected to achieve a high aspiration efficiency considering 
both inertial and gravitational settling. Correlations for isoaxial aspiration efficiency can 
be separated into three regimes depending on the free gas stream velocity (Brockmann 
2001; Vincent 2007). For sampling from a flowing gas stream the aspiration efficiency, 
asp , is given by 
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where  0617.02 UUk  , U0 is the free stream velocity, U is the sampling velocity, 
and 
0,Ud
Stk  is the Stokes number evaluated using the sampling probe inlet diameter, d, 
and the free stream velocity. For sampling from calm air (U
0
 = 0) the aspiration 
efficiency is given by 
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where gVts   is the particle terminal settling velocity and τ is the particle relaxation 
time given by 
    18/2 KnCd cpp . (31) 
For slowly moving air the aspiration efficiency is represented as a combination of 
aspiration efficiencies for moving and calm air 
 aircalmaspcalmaspmovingtotasp ff ,
2/1
, )1(    (32) 
where  
  20/UVts , (33) 
  0/exp UVf tsmoving  , (34) 
  0/exp1 UVf tscalm  , (35) 
At small free stream velocities the sampling conditions may be considered ‘calm’ if 
 3/2
,
0
0
1.0
UdStk
U
U  . (36) 
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Under calm conditions representative sampling  1, aircalmasp  can then be achieved if the 
following criteria are met: 
 016.0, UdStk  (37) 
and 
 04.0
U
Vts . (38) 
A dilution device was also installed externally from the chamber immediately 
following the sampling probe to minimize further coagulation between the coagulation 
chamber and the measuring instruments. The dilution device is similar to the ejector 
pump described by Maricq (2005), where the aerosol sampling tube is aligned coaxially 
within a larger tube as shown in Figure 6. The aerosol is introduced at the centerline of 
the larger tube while a controlled volume of clean dilution gas (i.e. N2) is introduced 
through a tee fitting and flows around the outside of the sample tube as it enters the larger 
tube. This method minimizes aerosol losses due to inertial and diffusional deposition 
within the dilution device. 
Additional consideration was given to a diffuser for expanding the flow from the 
transport tubing diameter of the spark generator to the coagulation chamber diameter, and 
to a nozzle for the flow exiting the chamber. The flow conditions within the diffuser are 
inherently unstable and require careful design to minimize flow recirculation from rapid 
expansion while minimizing the overall length of the diffuser. Typically for a simple 
straight wall diffuser, a maximum diffuser wall separation angle of 15° is used as a 
general rule of thumb to prevent boundary layer separation. In this case, the large 
expansion ratio requires the simple diffuser to have a substantial overall length. To 
decrease the diffuser length while preventing boundary layer separation, deflectors were 
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incorporated into the diffuser design as suggested by Cheng (1992). COMSOL 
simulations of the coagulation chamber fitted with this type of diffuser have shown that 
flow separation does not occur and that the flow remains laminar throughout the sample 
region. Further details of the diffuser and nozzle designs including COMSOL results and 
engineering drawings are provided in Appendix E. The overall length of the coagulation 
chamber including the diffuser and nozzle was restricted to 3 meters based on the lab 
space available. Details of the parametric analysis are provided within the Mathematica 
program in Appendix F and a summary of the design criteria and the corresponding 
design parameters chosen are summarized in Table 2. 
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Table 2. Summary of design criteria and selected parameters 
Design Criteria  
Particle size range (nm) 5 – 700 
Spark generator outlet tube inside diameter (mm) 8 
Aerosol flow rate (l/min) 1.5 
Aerosol sampling flow rate (l/min) 0.15 
Maximum overall length (m) 3 
Fluid residence time at centerline (s) > 300 
Selected Parameters  
Chamber inside diameter (NPS 4 SCH 80) (mm) 97 
Chamber Length, Lc (m) 2.8 
Sampling probe inlet diameter, d (mm) 1.75  
Fluid velocity at centerline (m/s) 6.79 × 10-3 
Fluid residence time at centerline (s) 411 
ReD inside chamber 21.8 
Hydrodynamic entrance length, Lh (m)
 † 0.11 
Diffusion entrance length for dp = 5 nm, LD (m)
† 7.4 
Diffusion entrance length for dp = 700 nm, LD (m)
† 3.8 × 10
4 
Diffuser wall separation angle (°) 45 
Nozzle wall separation angle (°) 45 
Diffuser length, Ld (m) 0.11 
Nozzle length (m) 0.11 
Calm air condition for dp = 5 nm (m/s) (Eqn. 36) 6.06 × 10
6 (true) 
Calm air condition for dp = 700 nm (m/s) (Eqn. 36) 1.69 × 10
12 (true) 
Calm air inertial criteria for dp = 5 nm (Eqn. 37) 0.0115 (true) 
Calm air inertial criteria for dp = 700 nm (Eqn. 37) 2.18 × 10
-5 (true) 
Calm air settling velocity criteria for dp = 5 nm (Eqn. 38) 1.84 × 10
-4 (true) 
Calm air settling velocity criteria for dp = 700 nm (Eqn. 38) 3.49 × 10
-7 (true) 
†
Assuming uniform flow at entrance 
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Figure 5. Schematic of the experimental setup for (a) silver and (b) carbon aerosol size 
and charge distribution measurements. Aerosol is sequentially sampled from each of the 
five sampling ports along the length of the chamber. During measurement the SMPS and 
TDMA are alternately connected to the ejector pump.  
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Figure 6. Schematic cross sectional view of aerosol sampling probe and dilution device 
(ejector pump). The sample probe is aligned coaxially with the centerline of the 
coagulation chamber and the aerosol sample is immediately diluted using an ejector 
pump located on the outside of the chamber wall. 
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Chapter 3 
METHOD 
3.1 Aerosol Measurements 
To begin coagulation measurements the spark generator, DMA-1, and SMPS were turned 
on and allowed to warm up for one hour with the CPC and sheath flows set. The CPC and 
sheath flow rates were predetermined with consideration to the expected size range of 
particles produced by the spark generator and the shift in particle size due to coagulation. 
The ratio of CPC to sheath flow rates was maintained at a value of ten throughout this 
study as recommended by the manufacturer for good resolution with the DMAs. 
Calibration of the chamber flow rate was carried out by first setting the N2 gas flow rate 
on the spark generator and installing the sampling probe in port #1. Since the spark 
generator operates at a higher flow rate than desired for the coagulation chamber, excess 
flow was exhausted through a HEPA filter and needle valve. The flow rate through the 
chamber was calibrated using a bubble flow meter (Supelco Optiflow 650 Digital 
Flowmeter) installed in line at the diffuser inlet while using needle valves to balance the 
flow across the chamber. The dilution flow rate was then set by adjusting the rotameter 
and the value was confirmed using the bubble flow meter. After the warm up period 
particle generation was initiated on the spark generator and the system was given fifteen 
minutes to reach equilibrium. The SMPS was then used to obtain the initial size 
distribution which also assisted in the selection of voltage steps for DMA-1 during 
TDMA measurement. Here each voltage step, Vi, was defined such that the characteristic 
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electrical mobility for a singly charged particle was centered on each size bin, dp,i, of the 
SMPS within the size range selected. 
     IiVdZVZ iippip 3,2,1,1,,*   (39) 
To prepare the TDMA measurements the SMPS was setup to perform I consecutive 
scans, each separated by a 30 second time delay to account for the finite time required for 
particles to traverse the distance between DMA-1 and DMA-2. The list of voltages 
determined from Eqn. 39 were entered into the LabVIEW program and the SMPS scan 
sequence was then initiated. Gas temperature and pressure values for DMA-1 were also 
recorded for each individual scan for corrections in viscosity and mean free path values 
during post-processing, while the AIM software accounted for these effects in DMA-2. 
Upon completion of the SMPS scan sequence, the DMA-1 voltage polarity was changed 
by exchanging the high voltage module installed and the SMPS scan sequence was 
repeated. After measurements at each polarity the SMPS was reconnected and the size 
distribution was again measured to check for changes over the time of the scan 
sequences. The sampling probe was then moved to sampling port #2 and the process was 
repeated until measurements at all five sampling ports were completed. Table 3 below 
summarizes the instrument settings used during experimental measurements. 
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Table 3. Summary of instrument settings used for both silver and carbon aerosol 
measurements  
Parameter Ag C 
Aerosol Generator GFG-1000 DNP-3000 
N2 flow rate (l/min) 1.5 (1.25 bar) 3.0 
Spark frequency (Hz) 50  
Spark energy  “medium” 
Current (mA)  1 
Particle size range (nm) 5.94 – 224.7 14.7 – 697.8 
CPC flow rate (l/min) 1.5 0.3 
Dilution flow rate (l/min) 1.35 0.15 
Sample flow rate (l/min) 0.15 0.15 
DMA-1 sheath flow rate (l/min) 15.0 3.0 
DMA-2 sheath flow rate (l/min) 15.0 3.0 
Impactor nozzle diameter (cm) – 0.0457 
Cutoff diameter, D50 (nm) – 612 
 
3.2 Data Analysis 
The raw data from the TDMA provides the mobility-size distribution of the sampled 
aerosol while the SMPS measurement provides the size distribution over all charge levels 
(positive, negative, and neutral). Analysis of the TDMA raw data was carried out in the 
Mathematica program shown in Appendix G. Analysis consisted of correcting data for 
transport losses in transport tubing, DMA-1 (the SMPS automatically accounts for losses 
in DMA-2), the charge neutralizer, and the sampling probe; correcting data for multiply 
charged particles which were miscounted as singly charged; and performing the inversion 
process described in Section 2.1.3 to obtain the size and charge distribution. Diffusion 
losses in transport tubing were estimated using the model of Gormley and Kennedy 
(1949) for the transport efficiency in laminar tube flow as reviewed by both Brockmann 
(2001) and Cheng (2001), 
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where QL /D  . Diffusion losses in DMA-1 were estimated by the empirical results 
provided by Karlsson and Martinsson (2003), 
 DEDMA    (41) 
with 
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and QLeffDMA /D . By fitting the model to experimental data Karlsson and Martinsson 
found that for the TSI model 3081 ‘long’ DMA m1.7effL and 98.0E . The 
transmission efficiency of the charge neutralizer (TSI 3077) was estimated by fitting 
Eqn. 40 to data provided by Covert et al. (1997). The fitting parameter, L, was found to 
be m58.03077 L for a sample flow rate of 1.5 LPM and approximately m2.03077 L for a 
sample flow rate of 0.3 LPM. Particle sampling efficiency was estimated using the 
relations for aspiration efficiency reviewed in Section 2.3. For the particular system 
parameters used in this experiment the criteria for representative sampling  1, aircalmasp  
given in Eqns. 37 and Eqn. 38 were maintained. Corrections for multiply charged 
particles in the TDMA data were made following the arguments described by Kim et al. 
(2005), where assumptions are made based on knowledge of the equilibrium charge 
distribution and the largest particle diameter in the sample defined by the impactor. 
Additionally, since the transfer function may vary over the size interval, an average value 
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for the transfer function over each size interval was determined for use as the 
representative value in the data inversion process. This was done using the normal 
definition for the average value of a function 
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where integration is carried out over the ith size interval with lower and upper limits of 
Low
ipd , and 
High
ipd , , respectively. The size and charge distribution was then computed using 
the least squares technique outlined in Section 2.1.3. 
3.3 Numerical Simulations of Aerosol Coagulation 
3.3.1 Sectional Method 
The sectional method implemented here follows the scheme outlined by Vemury et al. 
(1997) for the coagulation of bipolar aerosols: 
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where     ipic dKnCiB ,3  is the mechanical mobility of particle of size i and 0 is the 
permittivity of free space. The first two terms account for the birth of particles of size i 
and charge pe due to collisions with smaller particles of size j and charge qe, the third and 
fourth terms account for the death of particles of size i and charge pe by collisions with all 
other sizes, and the fifth term accounts for electrostatic dispersion. This model uses the 
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geometrical discretization scheme of Hounslow et al. (1988) where the size range is 
discretized geometrically as 
 3,1, 2 ipip dd . (45) 
Selecting a geometric series allows for a large range of sizes to be covered (typical size 
distributions may cover two orders of magnitude or more) within a computationally 
manageable number of intervals without sacrificing accuracy at small sizes. This 
particular scheme also simplifies the number of ways particles coagulate into higher size 
intervals, and is developed in terms of particle volume (hence the cubed root) for 
consistency with both the zeroeth and third moment transformations (Hounslow et al. 
1988). An implementation of this model written in Mathematica was borrowed from 
Palsmeier and Loyalka (2013) in which a modified Brownian coagulation kernel was 
used to account for charge effects: 
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where the Brownian kernel is given by, 
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 22, jiji ggg   (49) 
 22, jiji VVV   (50) 
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where the agglomeration shape factor (not shown, see Gelbard 1982) has been taken to be 
unity and im  is the mass of particle of size ipd , . The correction for Coulombic 
interaction is given by (Fuchs 1964) 
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 The initial conditions for the simulation (size and charge distribution at t=0) were 
specified using the experimental results at port #1. Because the measured size 
distributions at all charge levels did not necessarily cover the entire size range, lognormal 
fits were made to the size distributions at each charge level. A total of 30 sections were 
used where the smallest particle size was taken to be 1 nm, resulting in a maximum 
particle size of 103 nm (1 μm). 
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3.3.2 Direct Simulation Monte Carlo 
The direct simulation Monte Carlo (DSMC) method was also used for comparison with 
experimental measurements. Simulations were carried out using a Mathematica program 
also borrowed from Palsmeier and Loyalka (2013) which used the same modified 
Brownian coagulation kernel as given in Eqn. 46. The size interval was divided 
logarithmically at a resolution of 64 divisions/decade to match the SMPS. As with the 
sectional method, lognormal fits to the experimental results at port #1 were used to 
describe the initial distribution function. Computations were carried out using a sample 
size of 105 particles generated from the specified initial distribution function and a total 
of ten simulations were performed to determine statistical uncertainty. Palsmeier and 
Loyalka (2013) provide the general order of operations for their DSMC program as: 
1. A list of particles is generated by sampling from the desired initial distribution 
using a rejection-acceptance technique. Each list component describes an 
individual particle, characterized by the particle’s mass and charge. 
 
2. A time step is selected and the number of particles to be eligible for collision during 
that time is calculated according to the no time counter (NTC) method… 
 
3. Two particles for potential coagulation are selected... Conservation of mass and 
charge means the listed properties of the particles are simply added together using 
Mathematica’s list operation capabilities, creating a new particle, with the two 
original particles being deleted from the list. 
 
4. Step 3 is repeated until a number of particles consistent with step 2 have collided. 
The list of particles obtained at the end of the time step replaces the list from the 
previous time step. 
 
5. The entire list of particles is sampled for electrostatic dispersion corresponding 
with the time step described in step 2 from the data in step 4. The particle charge 
relative to the net charge determines whether the particle leaves the system or if a 
particle is gained by the system… The list that is obtained at the end of the time 
step can be saved for analysis. 
 
6. Steps 2 through 5 are repeated until the desired total time for the simulation has 
elapsed. 
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7. The sequence of data lists that are generated can then be processed to show the 
time-dependent evolution of the aerosol system. 
 
8. Simulations are repeated to allow the results to be averaged and to obtain 
estimations of statistical errors. 
 
No modifications to the main program were made, only minor modifications to define the 
initial distribution function, particle size resolution and physical properties of the system. 
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Chapter 4 
RESULTS 
4.1 Measured Size and Charge Distributions 
4.1.1 Spark Generated Silver Nanoparticles 
The results for spark generated silver nanoparticles, given below in Figures 7-11, show 
that the aerosol had bipolar symmetry at port #1 and port #2, with the ±1 and ±2 charge 
levels indicating near equal magnitudes over the measured interval. Charge asymmetry 
became stronger at larger times as the particle concentration decreased, finally indicating 
a larger fraction of negatively charged particles at port #5. The concentration of neutrally 
charged particles remained high over the entire size range throughout the coagulation 
process even at Port #5 where the measured concentration of charged particles was quite 
low, indicating that the coagulation process did not lead to the typical charge equilibrium 
of Boltzmann or Fuchs. Results for charge levels ±3 and higher had concentrations too 
low to be accurately measured with the TDMA. 
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Figure 7. Measured size and charge distribution for spark generated silver nanoparticles 
at coagulation chamber sampling port #1 (t=0 sec). 
 
 
Figure 8. Measured size and charge distribution for spark generated silver nanoparticles 
at coagulation chamber sampling port #2 (t=26.2 sec). 
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Figure 9. Measured size and charge distribution for spark generated silver nanoparticles 
at coagulation chamber sampling port #3 (t=78.6 sec). 
 
 
Figure 10. Measured size and charge distribution for spark generated silver nanoparticles 
at coagulation chamber sampling port #4 (t=183.3 sec). 
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Figure 11. Measured size and charge distribution for spark generated silver nanoparticles 
at coagulation chamber sampling port #5 (t=392.8 sec). 
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4.1.2 Spark Generated Carbon Nanoparticles 
The results for spark generated carbon nanoparticles, given below in Figures 12-16, 
indicate strong charge asymmetry with higher concentrations of positively charged 
particles. Charge levels were resolved up to ±3 units and show a decrease in charge 
asymmetry over time with ±1 charge levels approaching concentrations of similar 
magnitude by Port #5. The concentration of neutrally charged particles also remained 
high across the entire size range at all sampling ports. 
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Figure 12. Measured size and charge distribution for spark generated carbon 
nanoparticles at coagulation chamber sampling port #1 (t=0 sec). 
 
 
Figure 13. Measured size and charge distribution for spark generated carbon 
nanoparticles at coagulation chamber sampling port #2 (t=26.2 sec). 
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Figure 14. Measured size and charge distribution for spark generated carbon 
nanoparticles at coagulation chamber sampling port #3 (t=78.6 sec). 
 
 
Figure 15. Measured size and charge distribution for spark generated carbon 
nanoparticles at coagulation chamber sampling port #4 (t=183.3 sec). 
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Figure 16. Measured size and charge distribution for spark generated carbon 
nanoparticles at coagulation chamber sampling port #5 (t=392.8 sec). 
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4.2 Comparison of Sectional Method with Measurements 
4.2.1 Silver 
The predictions of the coagulation model using the sectional method are shown in 
Figures 17-21. The distributions at Port #1 fit well with the lognormal approximations for 
the initial conditions of the sectional model. Results at sampling Port #2 indicate that the 
sectional method under predicted values measured at sizes less than 15 nm, while at 
Port #3 the sectional results were in agreement again with the neutral distribution but 
over predicted the distribution of the -1 charge level. At Ports #4 & #5 the shape of the 
neutral distribution became more broad causing an under prediction of the sectional 
method at sizes larger than 30 nm. Gross deviations in the distribution of charged 
particles was also found at Ports #4 & #5 with over prediction of number concentrations 
and much wider distribution with particle sizes smaller than measured. 
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Figure 17. Comparison between the measured size and charge distribution for spark 
generated silver nanoparticles at coagulation chamber sampling port #1 (t=0 sec) and the 
coagulation model using the sectional method. 
 
 
Figure 18. Comparison between the measured size and charge distribution for spark 
generated silver nanoparticles at coagulation chamber sampling port #2 (t=26.2 sec) and 
the coagulation model using the sectional method. 
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Figure 19. Comparison between the measured size and charge distribution for spark 
generated silver nanoparticles at coagulation chamber sampling port #3 (t=78.6 sec) and 
the coagulation model using the sectional method. 
 
 
Figure 20. Comparison between the measured size and charge distribution for spark 
generated silver nanoparticles at coagulation chamber sampling port #4 (t=183.3 sec) and 
the coagulation model using the sectional method. 
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Figure 21. Comparison between the measured size and charge distribution for spark 
generated silver nanoparticles at coagulation chamber sampling port #5 (t=392.8 sec) and 
the coagulation model using the sectional method. 
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4.2.2 Carbon 
The predictions of the coagulation model using the sectional method are shown in 
Figures 22-26. Results at Port #2 indicated an over prediction by the sectional method at 
all charge levels below 200 nm and an under prediction at sizes above 200 nm. At Port #3 
the sectional results were in close agreement with positively charged particle distributions 
while negatively charged particle distributions and the neutral particle distribution were 
both under predicted. Sampling Ports #4 & #5 show an over prediction by the model for 
all positively charged distributions and an under prediction by negatively and neutrally 
charged particle distributions. The neutral distribution predicted at Port #5 was also 
shifted toward larger values than measured by the TDMA. 
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Figure 22. Comparison between the measured size and charge distribution for spark 
generated carbon nanoparticles at coagulation chamber sampling port #1 (t=0 sec) and the 
coagulation model using the sectional method. 
 
 
Figure 23. Comparison between the measured size and charge distribution for spark 
generated carbon nanoparticles at coagulation chamber sampling port #2 (t=26.2 sec) and 
the coagulation model using the sectional method. 
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Figure 24. Comparison between the measured size and charge distribution for spark 
generated carbon nanoparticles at coagulation chamber sampling port #3 (t=78.6 sec) and 
the coagulation model using the sectional method. 
 
 
Figure 25. Comparison between the measured size and charge distribution for spark 
generated carbon nanoparticles at coagulation chamber sampling port #4 (t=183.3 sec) 
and the coagulation model using the sectional method. 
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Figure 26. Comparison between the measured size and charge distribution for spark 
generated carbon nanoparticles at coagulation chamber sampling port #5 (t=392.8 sec) 
and the coagulation model using the sectional method. 
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4.3 Comparison of DSMC Method with Measurements 
4.3.1 Silver 
DSMC results showed good agreement with measurements at Port #2 after short 
interaction times, while results at Port #3 over predicted measurements at all charge 
levels. At Port #3 the model also predicted higher concentrations of negatively charged 
particles than positively charged particles at the ±1 charge level while measurements 
indicated the exact opposite. DSMC results at Port #4 continued to be an over prediction. 
Differences in the overall shape between the model and measurements also became 
apparent at Port #4, with measurements indicating a flatter distribution of particles than 
predicted. The trends found at Port #4 continue at Port #5 where the concentrations of 
charged particles measured are much lower than model predictions.  
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Figure 27. Comparison between the measured size and charge distribution for spark 
generated silver nanoparticles at coagulation chamber sampling port #1 (t=0 sec) and the 
coagulation model using the DSMC method. 
 
 
Figure 28. Comparison between the measured size and charge distribution for spark 
generated silver nanoparticles at coagulation chamber sampling port #2 (t=26.2 sec) and 
the coagulation model using the DSMC method. 
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Figure 29. Comparison between the measured size and charge distribution for spark 
generated silver nanoparticles at coagulation chamber sampling port #3 (t=78.6 sec) and 
the coagulation model using the DSMC method. 
 
 
Figure 30. Comparison between the measured size and charge distribution for spark 
generated silver nanoparticles at coagulation chamber sampling port #4 (t=183.3 sec) and 
the coagulation model using the DSMC method. 
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Figure 31. Comparison between the measured size and charge distribution for spark 
generated silver nanoparticles at coagulation chamber sampling port #5 (t=392.8 sec) and 
the coagulation model using the DSMC method.  
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4.3.2 Carbon 
The results for carbon show that initially all charge levels are over predicted by the 
DSMC model at Port #2. Deviations between model and measurement are then less 
dramatic at Port #3 which shows fair agreement with positively charged particle 
distributions and an under prediction of negatively charged particle distributions. At 
Port #4 fair agreement between model and measurement is maintained for the neutral 
particle distribution, while for charged particle distributions the model over predicts 
measurements for positively charged particles and under predicts results for negatively 
charged particles. DSMC results at Port #5 continue to show the deviations observed at 
Port #4 and, in addition, the predicted particle distributions are shifted toward smaller 
diameters indicating that there are additional mechanisms not accounted for which lead to 
enhanced coagulation rates. 
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Figure 32. Comparison between the measured size and charge distribution for spark 
generated carbon nanoparticles at coagulation chamber sampling port #1 (t=0 sec) and the 
coagulation model using the DSMC method. 
 
 
Figure 33. Comparison between the measured size and charge distribution for spark 
generated carbon nanoparticles at coagulation chamber sampling port #2 (t=26.2 sec) and 
the coagulation model using the DSMC method. 
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Figure 34. Comparison between the measured size and charge distribution for spark 
generated carbon nanoparticles at coagulation chamber sampling port #3 (t=78.6 sec) and 
the coagulation model using the DSMC method. 
 
 
Figure 35. Comparison between the measured size and charge distribution for spark 
generated carbon nanoparticles at coagulation chamber sampling port #4 (t=183.3 sec) 
and the coagulation model using the DSMC method. 
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Figure 36. Comparison between the measured size and charge distribution for spark 
generated carbon nanoparticles at coagulation chamber sampling port #5 (t=392.8 sec) 
and the coagulation model using the DSMC method. 
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Chapter 5 
DISCUSSION AND CONCLUSION 
The TDMA has been used here to investigate the coagulation of charged, polydisperse 
silver and carbon aerosols for comparison with computer models. The TDMA was made 
up of a TSI 3080 Electrostatic Classifier and a TSI 3936 Scanning Mobility Particle Sizer 
Spectrometer connected in series, and a custom LabVIEW® program has been created to 
automate the voltage stepping process and expedite data collection. A new TDMA 
inversion algorithm is presented based on the least squares method which has been 
verified against a charged neutralized aerosol with a known charge distribution.  
An open flow chamber has also been designed and constructed for aerosol 
coagulation studies. The chamber is supplied with a test aerosol which first flows into a 
large angle diffuser used to expand and slow down the flow to increase the residence time 
of the aerosol within the chamber. The diffuser was carefully designed with deflectors to 
provide an effective wall expansion angle of 7° between plates to prevent flow 
recirculation while obtaining a total wall expansion angle of 22.5°. The aerosol is 
sampled from one of five sampling ports positioned axially along the chamber wall while 
the other four sampling ports are covered to prevent flow disturbances and pressure loss. 
Throughout the experiment the sampling probe is placed at all five sampling ports to 
observe the change in the aerosol size and charge distribution over time. 
Differences in the charge state of particles measured at Port #1 were observed 
with the silver particles being bipolar and carbon showing strong charge asymmetry with 
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a higher concentration of positively charged particles. TEM images of silver and carbon 
nanoparticles produced by the spark generator show that the silver particles are nearly 
spherical while carbon particles form complex chain agglomerates. The agglomerated 
particles may have a lower neutralization rate due to screening (Kim et al. 2005) which 
would partially explain the charge asymmetry. 
The uncertainty in the TDMA results is quite high in some cases and the 
distributions themselves are not always smooth as expected. Since the distributions 
obtained during TDMA calibration with a vibrating mesh nebulizer were found to be 
smooth, it can be said that the constancy of aerosol generation during measurements is a 
major factor. In this case only repeated measurements will improve the measurement 
uncertainty from the spark generator. A small amount of very large errors exceeding 
100% were also found in all measured distributions. These cases are traced back to the 
inversion process and the least squares method where the coefficient matrix contains two 
or more coupled charge levels. Since the number concentration of particles at different 
charge levels, at constant diameter, can be separated by an order of magnitude or more, 
the objective function minimized during the least squares process will be biased toward 
lower charge levels. From Eqn. 21 the uncertainty is proportional to the square root of the 
objective function which will then place large uncertainty on higher charge levels. As an 
example consider the sample data below for carbon measured at Port #1 at size bin 
dp,i = 27.9 nm: 
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Matrix A is first decoupled, in this case charge levels 2 & 3 remain coupled, 
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The least squares results are presented below in Table 4. Since the coupling rows seem to 
make up a small number of the total rows, it may be worthwhile investigating the effects 
of removing this row from the data set to fully decouple all charge levels. This type of 
error could also be reduced in the future by increasing the number of repeated 
measurements and by increasing the mobility resolution during the stepping process to 
obtain better statistical results in the least squares process.  
 
Table 4. Least squares results for TDMA data collected for positively charged spark 
generated carbon nanoparticles at size bin dp,i = 27.9 nm. 
 ne,k = 1 ne,k = 2 ne,k = 3 
 keip ndn ,,0 , (#/cc) 541522 21655 726 
Si 4.737 × 10
14 2.679 × 1011 2.679 × 1011 
1
,

kkiC  0.00001830 0.0008608 0.01948 
 keip ndn ,,0 ,  (#/cc) 41638 5740 27307 
Rel. error (%) 7.69 26.5 3762 
 
The results for both silver and carbon aerosol indicate that coagulation occurs 
faster than predicted by the model, at times differing by an order of magnitude. Model 
assumptions included Brownian coalescence of spherical particles with charge effects 
accounted for using the Fuchs correction for Coulombic interaction between charged 
particles. In the case of spark generated carbon the complexity of particle shape is 
significant. Similar structures are expected in HTGR graphite particles and therefore 
shape effects will be important for future source terms calculations for HTGRs. In 
addition, this model completely neglects the presence of background ions, which in this 
case may be elevated above normal atmospheric levels due to the electrical discharge 
process used to create the aerosol. Background ions play an important role in the 
charging of an aerosol and will affect both the final charge state and the rate at which the 
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final charge state is achieved (Soo 1971; Whitby and Liu 1966; Williams and Loyalka 
1991). Since the aerosol was measured immediately after generation, a state of charge 
equilibrium may not have existed at Port #1. In this case, diffusion charging of ions 
would have continued downstream alongside the coagulation process. Future experiments 
might ensure charge equilibrium by using a charge neutralizer so that ion-particle effects 
are small and a true bipolar state is achieved (see Alonso et al. 2001) for a discussion of 
the after-charging effects downstream of a charge neutralizer). Alternatively, ion 
concentrations could be quantified (possibly with a Langmuir probe) so that ion-particle 
interactions can be included within the mathematical model (Kim et al. 2005). With 
regards to HTGRs, the background ion concentration will also be enhanced due to the 
presence of background radiation and radioactive particles. Therefore inclusion of the ion 
population would also be beneficial for HTGR source term calculations. 
Scan time is a major weakness of the TDMA method and since no alternative 
techniques for measuring the size and charge distribution of ultrafine particles are known 
to the author, improvements and optimization of the TDMA scanning process should be 
explored. A large reduction in scan time could be achieved by specifying the size range 
of the SMPS as a function of DMA-1 voltage. As TDMA measurements progress and the 
voltage on DMA-1 is increased, the particle size of singly charged particles is also 
increased. Therefore the lower size limit of the SMPS can also be increased over time to 
reduce the scan interval. Similarly, the upper size limit of the SMPS could also be 
adjusted with DMA-1 voltage since particle concentrations beyond a certain charge level 
will not be measureable. This results in effectively defining a size range as a function of 
particle mobility at each voltage step in the TDMA scan. Currently the AIM software 
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does not permit scheduling a series of scans with varying size ranges. Overall, the 
apparatus developed here will support future coagulation studies of charged ultrafine 
aerosols at NSEI by providing data for validation of computer codes and guiding model 
development. 
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Appendix A 
SMPS CALIBRATION 
The SMPS used in this study was calibrated for proper measurement of particle size by 
using a diluted solution of monodisperse polystyrene latex (PSL) spheres purchased from 
Bangs Laboratories, Inc. The solution was atomized using the system shown in Figure A1 
consisting of a TSI 3076 Constant Output Atomizer (COA), a TSI 3062 Diffusion Dryer, 
and two additional diffusion dryers built in-house. The COA uses filtered compressed air 
from a pressurized cylinder (Airgas ‘Zero’ grade, < 3 ppm H2O) which is expanded 
through a horizontal orifice and over a vertical venturi. The increased air velocity over 
the venturi creates a low pressure region allowing the particle solution to be drawn from 
the bottle through a capillary tube and into the gas stream. As the solution enters the gas 
stream it is atomized forming a distribution of droplet sizes. Large droplets are separated 
by inertial impaction against the walls of the atomizer assembly and the remaining 
droplets follow the gas stream into the first diffusion dryer. All diffusion dryers function 
by passing the aerosol stream through a wire mesh tube. The outside of the tube is packed 
with a desiccant, such as silica gel or DRIERITE®, which allows the aerosol to flow 
unobstructed through the center of the dryer while allowing water vapor to diffuse and 
become adsorbed by the desiccant. A heating element wrapped around a stainless steel 
tube and powered by a variable autotransformer was used after the first diffusion dryer to 
promote further evaporation of water vapor from the aerosol particles which is then 
captured by the subsequent diffusion dryers. 
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 Using the aerosol generator previously described both 65 nm and 99 nm 
monodisperse aerosols were generated for instrument calibration. Each monodisperse 
solution was prepared by using 1000 ml of 8 MΩ deionized water which was then 
incrementally concentrated with PSL using a micropipette while measuring the size 
distribution with the SMPS until a well-defined monodisperse peak could be acquired. 
Figure A2 below shows the size distributions measured for both the 65 nm and 99 nm 
PSL solutions and in each case a distinct peak was measured at the corresponding particle 
size bin. The remaining particles indicated in the measurements are likely due to the 
surfactant used to stabilize the PSL particles and possibly remaining water droplets. 
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Figure A1. Aerosol generator for SMPS particle size calibration using aqueous solution 
of monodisperse particles. 
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Figure A2. SMPS measurement of monodisperse PSL spheres of diameter (a) 65 nm and 
(b) 99 nm. In each case the peak occurs within the size bin corresponding to the particular 
PSL solution used. 
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Appendix B 
TDMA AUTOMATION USING LabVIEW® 
The TSI 3080 Electrostatic Classifier comes equipped from the manufacturer with a serial 
RS-232 interface option allowing the user to both send and receive commands from the 
instrument. LabVIEW® was used to take advantage of this option as a tool to monitor 
instrument status, adjust instrument settings, and control the voltage stepping of DMA-1.  
  The front panel of the LabVIEW® program, shown in Figure B1, includes 
various gauges and displays for monitoring DMA-1 status including: sheath, bypass and 
impactor flow rates, sheath and cabinet temperatures, DMA pressure, pressure drop 
across impactor, and DMA voltage. In Addition, voltage and flow rate adjustments for 
DMA-1 can also be made from the front panel. LabVIEW® was also configured to 
monitor the analog input voltage signal for DMA-2 by using a BNC splitter and a data 
acquisition module (NI USB-9162 C Series USB Single Module Carrier with an NI 9219 
24-Bit Universal Analog Input Module) which allowed the voltage stepping of DMA-1 to 
be automated, greatly expediting the measurement process. The LabVIEW® code is also 
provided as a reference in Figures B2-B8. 
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Appendix C 
TDMA CALIBRATION 
The TDMA used in this study was calibrated using sodium chloride aerosol generated 
from an Aeroneb Pro® vibrating mesh nebulizer as depicted in Figure C1. Airflow into 
the nebulizer setup was supplied via a diaphragm compressor (GAST DOL-101-AA) at a 
flow rate of 15 l/min. The supplied air was dried using two laboratory drying units 
(DRIERITE #26800) and filtered using a HEPA filter (TSI #1602051). Using dry, filtered 
air provided a consistent air supply over long periods of time by preventing variations in 
humidity due to changing laboratory conditions which could otherwise lead to changes in 
droplet evaporation rates. Normal saline solution (0.90% w/v of NaCl) prepared using 
≥99.5% sodium chloride (Fisher Scientific enzyme grade BP358) and 18 MΩ deionized 
water (Thermo Scientific NERL Reagent Grade) was used to produce salt nuclei aerosol. 
During operation the nebulized sample was transported by the clean airflow past a sharp-
edged, thin-wall sampling probe (1/4 in. OD) located 200 mm downstream from the 
nebulizer before being vented freely to the atmosphere. The sampled aerosol was 
immediately conditioned using a diffusion dryer to ensure that the nebulized droplets 
were completely evaporated to form single salt nuclei. Beyond the diffusion dryer the 
aerosol was transported, using conductive tubing, through a charge neutralizer and to 
either the TDMA or SMPS for characterization. Since theoretical charge distributions are 
represented in terms of charge fraction, the SMPS was used to obtain the total size 
distribution for normalization. Figure C2 shows the two experimental configurations used 
in this study in measuring the charge distributions for charged neutralized aerosols. 
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 As the SMPS repeatedly scanned from low to high voltage the 
LabVIEW® program monitored the SMPS voltage and adjusted the DMA-1 voltage 
when the end of a scan was detected. A delay of 200 seconds between SMPS scans 
allowed DMA-1 to reach equilibrium under the new voltage setting and for the new 
selection of equivalent electrical mobility particles to reach the SMPS. The process was 
repeated for a predetermined number of scans corresponding to the number of size bins 
measured by the SMPS. This process was repeated for both positively and negatively 
charged particles by switching the polarity of the high voltage module in DMA-1. 
Corrections for multiply charged particles and diffusion losses in the SMPS were also 
accounted for within the AIM software along with variations in temperature and pressure 
within DMA-2. Temperature and pressure values for DMA-1 were recorded manually at 
the start of each scan and corrections were carried out during data analysis within the 
Mathematica program. Corrections for diffusional losses within DMA-1 and transport 
tubing were accounted for during analysis using relations given by Karlsson and 
Martinsson (2003), and Friedlander (2000), respectively. A summary of instrument 
settings and parameters used are presented in Table C1. 
The charge neutralized results shown in Figure C3 have been analyzed up to ±4 
units of charge and show good agreement with the modified Fuchs model given by 
Wiedensohler (Flagan 2001). As predicted by the Fuchs model, the fraction of negatively 
charged particles exceeds the fraction of positively charged particles at all charge levels. 
However, the measured distributions do not indicate the magnitude in spread between 
polarities as predicted by Fuchs’ theory and the fractions of positively and negatively 
charged particles at each charge level converge above 200 nm. This convergence follows 
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the Boltzmann equilibrium charge distribution model for ±2, ±3 and ±4 units of charge, 
while the fraction of singly charged particles above 200 nm falls off more rapidly than 
predicted. Overall the results agree quite well with theory demonstrating the ability of the 
TDMA in measuring aerosol charge distributions. 
 
Table C1. Instrument settings and parameters used for TDMA and SMPS measurements 
 DMA-1 SMPS (DMA-2 + CPC) 
Sheath flow rate (l/min) 3.0 3.0 
Sample flow rate (l/min) 0.3 0.3 
Aerosol flow rate (l/min) 0.3 0.3 
DMA polarity negative, positive negative 
Impactor (cm) no 0.0457 
Impactor D50 (nm)  439 
Charge neutralizer no TSI 3077A 
Sample scan time (sec)  270 
Time between samples (sec)  200 
DMA voltage range (V) 20.4–6726 10–9691 
Measurable size range (nm)  13.8–750 
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Figure C1. Aerosol generation apparatus including pharmaceutical nebulizer, air duct, 
and aerosol sampling probe (L = 200 mm). 
 
 
 
Figure C2. Schematic diagram of (a) SMPS measurements for charged neutralized 
aerosol (b) TDMA measurements for charge neutralized aerosol.  
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Figure C3. Measured charge fractions for charge neutralized NaCl aerosol with 
comparisons against the corrected Fuchs (fW) and Boltzmann (fB) charge distributions 
(Flagan 2001). 
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Appendix D 
SAMPLING PROBE CAP AND PORT CAP DESIGN  
The sampling ports along the length of the coagulation chamber need to be sealed when 
not in use to prevent disturbances upstream of the aerosol sampling location. This was 
accomplished using plastic inserts made from ABS thermoplastic using a fused 
deposition modeling (FDM) machine available in the rapid prototyping lab at the 
University of Missouri College of Engineering. The caps are designed with an O-ring seal 
and a recessed groove to locate a band clamp around the outside. Engineering drawings 
of the port cap and probe cap are shown below in Figures D1 & D2, respectively. 
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Appendix E 
DIFFUSER AND NOZZLE DESIGN 
The inlet diffuser to the coagulation chamber was designed to expand the supplied 
aerosol from the transport tubing diameter (8 mm) to the coagulation chamber diameter 
(97 mm) at a flow rate 1.5 L/min while both minimizing flow recirculation (boundary 
layer separation) and overall diffuser length. Since the expansion of a fluid is inherently 
unstable, diffusers are generally restricted to expansion angles less than 15°. In the 
current situation with a large change in diameter this restriction leads to a very long 
diffuser which then restricts the coagulation test section. To shorten the overall length, 
conical deflectors were introduced as suggested by Cheng (1992) which essentially 
divides the diffuser into smaller regions. Cheng recommends arranging the deflectors 
such that the inner cone has an expansion angle of 15° or less, successive outer cones are 
staggered in the flow direction along the central axis, the half-angle difference in 
expansion angle between any two adjacent cones is 7.5° or less, and that each cone shares 
the same focal point on the central axis as that of the outer wall. For the coagulation 
chamber an overall expansion angle of 45° was chosen and two deflectors were 
incorporated to divide the diffuser into three 7.5° half-angle expansion regions. The 
staggered placement between adjacent deflectors was set so that the larger diameter 
deflector began at approximately the midpoint of the small deflector. The nozzle design 
was identical to the diffuser except for the omission of the internal deflectors. Figure E1 
shows the diffuser flow simulation performed in COMSOL and Figures E2 & E3 show 
the engineering drawings for the diffuser and nozzle, respectively. Both the nozzle and 
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diffuser were made from ABS thermoplastic using a fused deposition modeling (FDM) 
machine available in the rapid prototyping lab at the University of Missouri College of 
Engineering. During initial installation and testing it was found that both the nozzle and 
diffuser where slightly porous due to the limitations of the FDM technique. To make each 
piece gas tight they were coated in cyanoacrylate which was readily absorbed into the 
open pores. Additional features include two O-ring glands to provide a pressure seal 
against the coagulation chamber and a tapered pipe thread (1/4 NPT) for connecting the 
aerosol transport tubing. 
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Figure E1. COMSOL axisymmetric flow model results of diffuser design with deflectors. 
Streamlines indicate smooth expansion without flow recirculation. Color legend is 
velocity magnitude ranging from 0–0.5 m/s, axial and radial coordinates given in meters. 
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Appendix F 
COAGULATION CHAMBER DESIGN 
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Appendix G 
TDMA DATA ANALYSIS 
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